Abstract: Antibacterial activities of various flavonoids, a group of natural plant substances, have been reported previously, however, there are contradictory data, published by various authors, regarding sensitivity of particular bacterial species to these compounds. These problems arose apparently because of using different methods by various researchers. Here we tested sensitivity of several bacterial species (Gram-positive: Bacillus subtilis, Micrococcus luteus, Sarcina sp. and Staphylococcus aureus; and Gram-negative: Citrobacter freundii, Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, Pseudomonas aeruginosa, Salmonella enterica, Serratia marcescens and Vibrio harveyi) to various flavonoids: genistein and daidzein (isoflavones), apigenin (a flavone), naringenin (a flavanone) and kaempferol (a flavonol) by measurement of generation times of bacteria in liquid cultures. The presented results indicate that this simple method is adequate for unambiguous assessment of sensitivity of bacterial strains to flavonoids.
Introduction
Resistance of bacteria to antibiotics has become a serious and global medical problem (Furuya & Lowy 2006) . Therefore, isolation and characterization of novel antimicrobial compounds is of high interest (see, for example, Erturk 2006; Landa et al. 2006) . Recent studies indicated that various flavonoids, a group of natural plant pigments synthesized from phenylalanine, have a broad spectrum of biological activities (Havsteen 2002) , including antimicrobial activities (for a recent review, see Cushnie & Lamb 2005) . This might potentially be the first step in development of new drugs and/or therapeutic strategies.
The potential use of flavonoids in antimicrobial therapy may appear an attractive opportunity. However, the results of various studies published to date make such a possibility problematic. Namely, comparison of reports by different authors indicates that the published results are widely contradictory as either sensitivity or resistance of the same bacteria to identical flavonoids was described. Careful analysis of these results led Cushnie & Lamb (2005) to the conclusion that such discrepancies could be attributed to different assays of susceptibility of bacteria to chemical agents, which were used by various authors. In fact, to estimate the effects of flavonoids toward bacterial strains, very different assays were employed, including the agar dilution technique, the paper disc diffusion assay, the holeplate diffusion method, the cylinder diffusion method, the broth macrodilution technique and the broth microdilution technique (Cushnie & Lamb 2005) . Due to the relatively low rate of diffusion of flavonoids, methods based on diffusion of these compounds may be problematic. Moreover, other factors can also influence results of such studies, for example inoculum size, paper disk size or incubation period (Cushine & Lamb 2005) .
Because of the problems with measurement of effects of flavonoids on bacteria, we aimed to estimate the antibacterial activities of these compounds using a technique, which should yield the unambiguous results and which is simple enough to ensure an easy comparison of results obtained in various laboratories. Because of low diffusion rates of flavonoids, we preferred methods based on direct contacts of tested compounds with bacterial cells. Furthermore, a method giving quantitative results should be used instead of a technique providing with only qualitative or semi-quantitative data. Thus, we decided to measure growth rates (by estimation of generation times) of bacteria cultured in liquid media.
Material and methods

Bacteria
Bacterial strains used in this work were as follows: Bacillus subtilis 168, Escherichia coli MG1655 and Vibrio harveyi BB7 strains have been described previously by Anagnostopoulos & Spizizen (1961) , Jensen (1993) and Belas et al. (1982) , respectively. Strains of Citrobacter freundii, Klebsiella pneumoniae, Micrococcus luteus, Proteus vulgaris, Pseudomonas aeruginosa, Salmonella enterica serovar London, Sarcina sp., Serratia marcescens and Staphylococcus aureus are natural or clinical isolates, and were obtained from the Department of Microbiology of the University of Gdańsk, Poland. These strains were identified using biochemical identification tests purchased from BioMerieux (ID 32 STAPH for Gram-positive bacteria, and ID 32 GN for Gram-negative bacteria), and employing the ATB expression system.
Flavonoids and their solutions
The following flavonoids were used: genistein, daidzein, apigenin, naringenin and kaempferol. These substances were purchased from Sigma. Flavonoids were dissolved in DMSO and concentrated solutions were added to bacterial cultures. Final concentration of DMSO in each culture was 6 µg/mL; this was achieved by addition of appropriate amount of the flavonoid solution (in DMSO) and supplementation with pure DMSO to the final concentration mentioned above (in control experiments, pure DMSO was added to cultures to 6 µg/mL). No significant effects of this DMSO concentration on bacterial growth rate (relative to that of cultures without DMSO) were found (data not shown). No precipitation of flavonoids was observed in uninoculated broth at employed concentrations of these compounds.
Estimation of effects of flavonoids on bacterial growth
Bacterial cultures were grown in either BOSS medium (Klein et al. 1998 ; V. harveyi) or LB medium (Sambrook et al. 1989 ; other bacteria) at either 30
• C (B. subtilis and V. harveyi) or 37
• C (other bacteria) in shaking flasks. Flavonoids (concentrated solutions in DMSO) were added to the cultures to indicated final concentrations (control cultures contained 6 µg/mL DMSO as did cultures with flavonoids) at A600 of 0.1, and the absorbance was measured in time intervals. Generation times were calculated on the basis of A600 values measured during the exponential phase of growth (the cultivations were conducted until the stationary phase of growth, apart from cultures that did not double their A600 value for 600 min). By titration of bacteria we have determined that A600 = 0.1 corresponded to 3 × 10 7 -5 × 10 7 cells per mL (depending on the bacterial strain).
Statistical analysis
Statistical significance of the differences between growth rates of bacterial cultures in the presence and absence of flavonoids was assessed using the t-test. A difference was considered statistically significant when p < 0.05.
Results
Generation times of strains of B. subtilis, M. luteus, Sarcina sp., S. aureus, C. freundii, E. coli, K. pneumoniae, P. vulgaris, P. aeruginosa, S. enterica, S. marcescens and V. harveyi, growing in liquid nutrient media, were measured in the presence of various concentrations of the following flavonoids: genistein (an isoflavone), daidzein (an isoflavone), apigenin (a flavone), naringenin (a flavanone) and kaempferol (a flavonol). Species used in our experiments included both pathogenic and non-pathogenic bacteria, as well as both bacteria already tested for sensitivity to flavonoids and those which were not studied previously for this purpose.
We found different effects of various flavonoids on growth of different bacteria. As noted previously (Ulanowska et al. 2006) , V. harveyi is highly sensitive to most flavonoids; among compounds tested, only daidzein did not cause a strong growth inhibition of this bacterium (Table 1) . In contrast to V. harveyi, growth of C. freundii, E. coli, K. pneumoniae, P. vulgaris, S. enterica and S. marcescens was unaffected or only slightly affected by all tested compounds (Table 1) . Our results obtained for E. coli, K. pneumoniae and P. vulgaris corroborate conclusions reported by some authors (Miski et al. 1983; Ohemeng et al. 1993) but are in contrast to results described by others (Oksuz et al. 1984; Bashir et al. 1994; Aljancic et al. 1999) . The individual bacteria revealed various degrees of sensitivity to different flavonoids. Growth rate of B. subtilis was decreased about two times in the presence of 100 µM genistein, apigenin or kaempferol, but daidzein and naringenin had no significant influence (Table 1) , which generally agrees with previously published results (Oksuz et al. 1984; Bashir et al. 1994; Aljancic et al. 1999; Ulanowska et al., 2006) . Growth of cultures of M. luteus was completely inhibited by 100 µM kaempferol or naringenin, which was similar to the phenotype of Sarcina sp., revealing high sensitivity to kaempferol but only partial sensitivity to naringenin (Table 1) . Among all tested flavonoids, significant inhibition of growth of S. aureus was caused only by genistein, naringenin and kaempferol (which revealed the strongest effect on this bacterium), while P. aeruginosa was sensitive to daidzein, which is an interesting observation since most bacterial strains were resistant to this isoflavone (Table 1).
The experiments described above were repeated in our three laboratories (see affiliations of the authors) and by different persons. Although some variability (usually less than 10%) in generation times of cultures of the same strains were noted, the tendency of the response to all flavonoids was highly reproducible. Namely, statistically significant differences were always detected only for the same flavonoids and the same strains as indicated in Table 1 , irrespective of the laboratory and the person performing the experiments (data not shown).
Discussion
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it overcomes the problems with low rate of diffusion of flavonoids, and is independent of variable features of some other methods (e.g. inoculum size, paper disk size or incubation period). Therefore, it is evident that this method gives quantitative results that can be directly compared with results obtained in various laboratories. In fact, monitoring of growth of microbial cultures was successfully employed in studies on activities of isoflavones previously (Parniske et al. 1991; Yazdanyar et al. 2001; Ulanowska et al. 2006 ), but those authors used this method for specific purposes of studies on mechanisms of actions of these compounds rather than for screening of their effects on various microorganisms.
The mechanism of antibacterial action of flavonoids remains largely unknown. However, results of recent studies suggested that inhibition of nulecic acid synthesis may be the primary cause of the antibacterial character of at least some of these compounds (Ulanowska et al. 2006 ). This hypothesis may be sup-ported by some previous findings. Namely, genistein was found to act as an inhibitor of DNA topoisomerases type I (Chang et al. 1995) and type II (Azuma et al. 1995; Chang et al. 1995; Constantinou et al. 1995; Yamagishi et al. 2001; Snyder & Gillies 2002; Verdrengh et al. 2004) . It was revealed that daidzein possesses the inhibitory activity against topoisomerase I and weakly inhibits topoisomerase II (Chang et al. 1995; Sun et al. 1998; Yamagishi et al. 2001) , while kaempferol undoubtedly inhibits topoisomerase II (Constantinou et al. 1995) . Apigenin was reported as an inhibitor of both types of topoisomerases (Azuma et al. 1995; Constantinou et al. 1995; Boege et al. 1996; Snyder & Gillies 2002) . Therefore, although further studies are necessary to elucidate details of inhibition of bacterial growth by flavonoids, it appears that DNA synthesis machinery may be a target for these agents.
In conclusion, we propose that determination of generation times in liquid bacterial cultures can be recommended as a suitable method for studies on susceptibility of bacteria to antimicrobial activities of flavonoids and other compounds with a low diffusion rate. The "generation time methodology" is reproducible in different laboratories and by different persons. This may be of special importance in the light of the different results described to date by various authors for the same bacterial species and the same flavonoids as summarized by Cushnie & Lamb (2005) .
